Abstract -Power dissipation of very large scale integrated circuits (VLSI) has emerged as a significant constraint on the semiconductor industry. For dynamic power the voltage, capacitance and frequency are the major components of power dissipation. In this paper, we propose a power macro modelling technique for the CMOS inverter using 0.12µm technology. The dynamic power is directly linked with the load capacitance (C L ), and it is lumped as all internal parasitic capacitances. In our modelling, we take account of the parasitic capacitances with their dependence on channel length and width. Suitable values of other factors (i.e. threshold voltage V T , gate voltage V GS , drain voltage V DD etc.) are used for power consumption of the CMOS inverter.
Introduction
The parasitic capacitances are becoming an important issue for designing logic circuits wit h aggressive reduction of MOS transistor dimensions into the deep sub µm regime [1] [2] [3] [4] [5] . In digital applications, these parasitic capacitances have a very strong impact on propagation delay and the overall power dissipation of the circuit. For an analog application these capacitances cause a negative feedback, which again has an influence on gain-bandwidth product. Because of their important role in short channel region, the parasitic capacitances are required to be computed accurately to predict the circuit performance.
Over the years, several models have been developed for parasitic capacitances. With precise mathematical iterations, Kamchouchi et al. 6 derived semi-empirical model using Schwartz-Christoffel transformation. By using conformal transformation, Shrivastava et al. 7 developed a simple analytical model with the assumption that the potential near the gate electrode is constant between the silicon substrate and bottom of the gate electrode; this model is prone to errors. Afterwards, Suzuki 8 presented a model based on Shrivastava's model with accurate boundary conditions. Nihar et al 9 developed a model by taking the presence of source/drain electrodes and high K-gate dielectric material into account. In this paper, we simplify two-capacitance model amongst the available five models 10 .The model that we use is shown schematically in Figure 1 , from which we compute the total dynamic power of CMOS inverter after getting lumped sum of parasitic capacitances. 
Power Macro Model
Power dissipation of a CMOS circuit is comprised of two types: static and dynamic 11, 12 that can be expressed as:
Where PTotal is total power dissipation. Static power PStatic is due to the leakage ILeakage and static IStatic currents. The NMOS and PMOS transistors used in a CMOS logic circuit commonly have non-zero reverse leakage and sub-threshold currents.
For the dynamic power dissipation, the first part P ShortCircuit is caused by direct supply-to-ground paths during the signal transitions. It can be controlled to a small portion of the total power dissipation by appropriate sizing of transistors, and by reducing the input rise and fall times to all the gates in the circuit. The second part P Switch is due to charging and discharging of parasitic capacitances in the circuit. This is demonstrated by an inverter driving load capacitor C L as shown in Figure 2 . P Switch can be calculated by:
Where V DD is the supply voltage and f is the switch frequency, while C L is load capacitance which includes internal parasitic capacitances of inverter. Since C L is contributed to total power dissipation only when switching occurs in a circuit. In this paper, C L is also called switch capacitance C SW . According to Chandrakasan et al. 13 in a "well-designed" circuit P Switch accounts for over 90% of the total power dissipation. Thus, the total power dissipation for a CMOS circuit can be approximated by:
Since power is the energy consumed per second, energy E can be stated as:
Where, 1/f is the time period for each switch. In a synchronized circuit, t is clock cycle and f is clock frequency. C L is switch capacitance per cycle. At constant frequency power/energy can be used interchangeably. Further, if we assume that the supply voltage V DD is fixed, reducing the power/energy dissipation is equivalent to reducing the switch capacitance. Charging and discharging occurs due to the PMOS and NMOS transistors respectively. So the dependence of the propagation delay on C L suggests that getting C L as small as possible is crucial for the realization of high performance circuits 10 .
Parasitic Capacitances
A lot of work has been done for parasitic capacitances in CMOS technology. According to Shrivastava et al. 1 the most significant MOS parasitic circuit element is the gate-tochannel capacitances which vary both in magnitude and its division in the following three components:Gate to bulk capacitance C GB, Gate to source capacitance C GS , Gate to drain capacitance C GD When the transistor is in the cutoff region in which the gate to source voltage is less than the threshold voltage i.e. V GS < V T , no channel exists and the total capacitance C GC appears between gate and the bulk. In the resistive region with V GS >V T and a small voltage, V DS , is applied between drain and source, an inversion layer is formed which acts as a conductor between source and drain. Consequently C GB =0 as the body electrode is shielded from the gate by the channel. In this region the capacitance is distributed between source and drain evenly.
The SPICE models for the MOS transistor have demonstrated the three built-in MOSFET models 10 . In our power macro modeling approach, we take the LEVEL 3 models and implement the following capacitance models using 0.12 m technology.
Where W is the channel width, L is the channel length, T OX is the oxide thickness,  o is the absolute permittivity and  r is the relative permittivity.
In macro model, we use different values of channel width for both PMOS and NMOS transistors. We considered L=0.12m as constant for both transistors and
-12 F/m,  r = 3.9 in case of SiO 2 . In Equations (7-8), the value of V DSAT is also a function of V GS and V T . So we used V DSAT given below to get a more simplified form of the above capacitances: (10) Where E C is the critical field at which electron velocity saturation occurs; it is around 1.5x10 6 V/m (or 1.5 V/m) and the saturation velocity V SAT is approximately 105 m/s. Critical field for holes is -1.95x10 6 V/m. By using above V DSAT and using the approach given in the reference 10 , the simplified form of Equations (7-8) can be represented as:
In the previous model 10 the junction capacitances C DB and C SB were used in:
Where W is the channel width L drain and L source are the lengths of drain and source regions respectively taken as 0.42 m. C J is around 3x10 -4 F/m² . PB is the built in potential of the junction and is around 0.8 V. MJ is called the grading coefficient and equals 1/2 for the abrupt junction and 1/3 for the linear or graded junction.
Models Parameters
For any particular model which is built for a particular technology range, there must be well defined parameters that hold well for every experimental iteration. In our technology we used the following parameters: Threshold Voltage (V TO ) for NMOS and PMOS is 0. In deep submicron technology, the integrated circuits (IC) with low voltage internal supply and high voltage input/output (I/O) interface are common. These models in Equations (11), (12), (13) and (14) are implemented at 1.2V whereas the I/O devices operate at standard voltages (2.5, 3.3 or 5V). Another reason for the lower internal voltage operation is thermal breakdown of the oxide layer. The gate oxide thickness is fixed at 3 nm in order to get increased switching performances. Due to the fact that the molecular distance of SiO 2 is 20 Å, i.e. 10 atoms; the oxide may be destroyed by a voltage higher than a maximum limit V c , called the breakdown voltage. A first order estimation is 0.1 V/Å 14 which is expressed as:
Where K is Breakdown Coefficient and V C is Critical Breakdown Voltage. Another parameter related to gate oxide thickness is the gate oxide capacitance i.e.
Increased gate oxide thickness T ox causes gate oxide capacitance C ox to decrease, therefore reducing drain current I DSAT , and increasing the threshold voltage V T 15 .
Results and Discussion
We have calculated each component of lumped capacitance. The channel length is considered constant whereas the channel width for both MOS transistors is varied for a specific range. The values of parasitic capacitances are listed in Table. 1 for different values of channel widths of PMOS transistors.
The design of an inverter starts with the implementation of one NMOS and one PMOS transistor, but using the same channel width for both transistors is not the best idea since the p-channel MOS transistor switches at half the current of nchannel MOS transistor. The origin of this mismatch can be seen in the general expression of current delivered by nchannel and P-channel MOS devices. If W NMOS = W PMOS and L NMOS = L PMOS , then the current delivered by NMOS and PMOS transistors will be proportional to electrons' and holes' mobility respectively i.e.
I DS (NMOS) α  n and I DS (PMOS
Typical mobility values are  n = 0.068 m² /V.s and P = 0.025 m² /V.s. Consequently the current delivered by the nchannel MOS device is more than twice that of the p-channel MOS device. Usually, the inverter is designed with balanced current to avoid significant switching discrepancies. Therefore, balanced current and switching performances are required. The best approach consists of enlarging the PMOS channel width as it is directly proportional to the current delivered by the PMOS transistor. In our design we take the channel width of PMOS transistor two times than that of NMOS. Its current becomes doubled and becomes comparable with the NMOS current 10 . The specific channel width values for NMOS and their corresponding parasitic capacitances are given in Table. 2.
In the next step all the capacitances of MOS transistors are lumped to get a single load capacitance C L including the wiring capacitance that is taken to be 0.12fF for this technology. This is a considerable simplification of the actual situation even in the case of a simple inverter. A typical CMOS inverter may drive successive gates and the total gate capacitance C G is the gate capacitance of transistors being driven by the inverter. 
To calculate accurately the total charge supplied to the load inverters we must perform an analysis with non-linear charge storage elements. However, the total gate capacitance C G for the two inverters 1 & 2 can be estimated as:
In this designing the channel length is taken to be 0.12 µm as a technology parameter, whereas the channel widths of two successive inverters are similar to the first one. Therefore by using these dimensions Equation (19) can be simplified as:
Where W p and W n are channel widths of PMOS and NMOS transistors respectively and  o is the absolute permittivity. The simplified model of a CMOS circuit consisting of several gates can be viewed as one large capacitor that is charged and discharged between the power-supply rails. Therefore, the load capacitance, which is often specified as powerdissipation capacitance is used to approximate the dynamic power consumption because CMOS dissipates power only during switching (dynamic power). After computing the lumped capacitance C L , the dynamic power dissipation is estimated and is given in Table. 3. for 1 GHz frequency. Table. 3. Power Calculation for CMOS inverter The obtained values of our design clarify the linear relation between the power consumption and the lumped capacitance. A considerable change occurs in dynamic power for a small change in load capacitance. In large memory circuits it will become more significant and play an important role in VLSI circuit performance. Therefore, with a minute change of 0.05µm in channel width of NMOS and a change of 0.1µm in the channel width of PMOS transistors, a change of 0.504 µW occurs in power consumption. Figure 3 shows this change as a linear function. Table. 3, variation of power consumption of our designed inverters with applied frequency is plotted in Figure 4 . Lower gate delays in digital circuits are essential to ensure the faster rate of data processing and to get improved overall performance. The difference in propagation delays of logic elements is the major contributor to glitches in asynchronous circuits as a result of race conditions. Propagation delay increases with operating temperature, marginal supply voltage as well as an increased output load capacitance C L . The latter is the largest contributor to the increase of propagation delay. If the output of a logic gate is connected to a long trace or is used to drive many other gates (high fan-out) the propagation delay increases substantially. The overall propagation delay of the inverter is defined as the average of two values i.e. 
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Where t pHL & t pLH are delay times from high-to-low and low-to-high propagation respectively and R eqn , R eqp are equivalent on-resistances of NMOS and PMOS transistors respectively. We simplified the on-resistance formula by using I DSAT and after using some algebraic expressions to get the following simplified relation which is directly linked with the channel width of the device. By using the Multisim simulated results of transient response, we get the values of C L by using Equation (21). For seven different values of channel widths for NMOS from 0.2 to 0.5µm with a change of 0.05µm and for PMOS from 0.4 to 1 µm with a change of 0.1µm, we performed simulations of our designed invertor.
The simulated and estimated values are given in Table. 4 with percentage errors. The power analysis is also in good accordance for both cases, with an average percentage error of 12.8%, as given in Figure 5 . Regression analysis is performed to fit the model's coefficient. Figure 5 illustrates the correlation between the simulated power estimation and the estimated power values. We measured the correlation coefficient that is around 91%. In both the simulated and estimated cases the variation of power with load capacitance remains same as shown in Figure 5 . In the simulated case a 1GHz switching of the inverter induces a circuit power dissipation of 4.71 W while in our work the induced power for 1 GHz switching is 3.87 W with a maximum error of 21.7%. As we have to take (W/L) p twice as big as (W/L) n because  n =2 p , therefore in this case (W/L) n = (0.35/0.12) and (W/L) p = (0.7/0.12). As the power consumption is linearly proportional to the clock frequency and increases gradually with the increase in load capacitance, similar behavior can be seen for the estimated case as in Figure 5 . In simulations we got the simulated values of load capacitance C L by using the propagation delay of inverter using Equation (21) and plotted the simulated values of power consumption which have the same linear relation with C L except a sudden decrease in power after four iterations. The main culprit behind this decrease is the on-resistances R eqn and R eqp for NMOS and PMOS respectively and the propagation delay of inverter. Since it can be extracted from Equation (21) that a decrease in average on-resistance gives an increased value of C L and a decrease in propagation delay t p will correspond to a decreased value of C L .
Conclusions
An analytical formulation for the dynamic power consumption of CMOS inverter with respect to transistor sizing has been presented which includes the capacitive dissipation. In this research work we built a mathematical model of parasitic capacitances in order to estimate the dynamic power dissipation of CMOS inverter. A brief description of all internal parasitic capacitances related to channel and junctions is provided with their precise models for the 0.12 m technology. These models are simplified and each capacitance is calculated for seven different values of channel widths for both NMOS and PMOS transistors. By using these capacitances, the lumped capacitance is computed and this capacitance is then used to estimate the dynamic power dissipation of CMOS inverter. Furthermore, simulations are performed for the same channel dimensions and the transient response of inverter is used to calculate the power consumption. The estimated and simulated results are compared and analysis of power consumption with increasing frequency is also done.
